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Abstract

Smith-Magenis Syndrome (SMS) is a complex genomic disorder mostly caused by the haploinsufficiency of the Retinoic Acid
Induced 1 gene (RAI1), located in the chromosomal region 17p11.2. In a subset of SMS patients, heterozygous mutations in
RAI1 are found. Here we investigate the molecular properties of these mutated forms and their relationship with the
resulting phenotype. We compared the clinical phenotype of SMS patients carrying a mutation in RAI1 coding region either
in the N-terminal or the C-terminal half of the protein and no significant differences were found. In order to study the
molecular mechanism related to these two groups of RAI1 mutations first we analyzed those mutations that result in the
truncated protein corresponding to the N-terminal half of RAI1 finding that they have cytoplasmic localization (in contrast
to full length RAI1) and no ability to activate the transcription through an endogenous target: the BDNF enhancer. Similar
results were found in lymphoblastoid cells derived from a SMS patient carrying RAI1 c.3103insC, where both mutant and
wild type products of RAI1 were detected. The wild type form of RAI1 was found in the chromatin bound and nuclear matrix
subcellular fractions while the mutant product was mainly cytoplasmic. In addition, missense mutations at the C-terminal
half of RAI1 presented a correct nuclear localization but no activation of the endogenous target. Our results showed for the
first time a correlation between RAI1 mutations and abnormal protein function plus they suggest that a reduction of total
RAI1 transcription factor activity is at the heart of the SMS clinical presentation.
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Introduction

Smith-Magenis syndrome (SMS, OMIM #182290) is a

genomic disorder associated with a microdeletion at chromosome

17 band p11.2 with an estimated prevalence of 1:15,000–1:25,000

live births [1,2]. The clinical characteristics include behavioral

problems, sleep abnormalities, intellectual disability, speech delay,

growth retardation, brachycephaly, midface hypoplasia, progna-

thism and hoarse voice, among others [1,2]. The finding of SMS

cases caused by heterozygous mutations within the Retinoic Acid

Induced 1 (RAI1) sequence, a gene that lies at the common

deletion region, indicates that this is the dosage sensitive gene

responsible for most of the SMS features [3–9].

RAI1 gene contains six exons, but it is the third exon the one

that contains most of the coding sequence and where the majority

of de novo mutations associated to SMS have been found. RAI1 is a

nuclear protein with transcription factor activity [10], of which

four isoforms have been described according to the database www.

UniProt.org [11–13], being isoform 1 the canonical one [14].

While two RAI1 isoforms share high similarity with the canonical,

the predicted isoform 4 is the most different one, containing only

the N-terminal half of the protein. The defined conserved domains

within RAI1 protein include a polyglutamine and two polyserine

tracts, a bipartite nuclear localization signal and a zinc finger like

plant homeo domain (PHD), which has been found in many

chromatin associated proteins [15].

Potocki-Lupski syndrome (PTLS, OMIM #610883) represents

the reciprocal duplication, dup(17)(p11.2p11.2), with clinical

features including infantile hypotonia, structural cardiovascular

anomalies, intellectual disability and features of autistic spectrum

disorder [16]. Findings with mouse models for PTLS [17] and the

identification of PTLS patients with nonrecurrent duplications

containing only RAI1 in the rearranged interval [18], represent

strong evidence to show RAI1 as the predominant gene responsible

for the PTLS phenotype. RAI1 has also been linked with response

to neuroleptics in schizophrenia and with the age of onset of

spinocerebellar ataxia type 2 [19,20]. Additionally, RAI1 has been

identified as one of the candidate genes for the susceptibility of

autism spectrum disorder [21].

In spite the importance of RAI1 in many complex human traits,

there is little knowledge about the protein and the cellular

pathways it could be involved, hence more light needs to be shed
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about its molecular function and its involvement in the pathogen-

esis of several phenotypes. In the present study, we divided the

known human RAI1 mutants into two main groups for their

functional analysis: the first one consists of mutations that produce

an N-terminal truncated protein approximately half the size of

wild type RAI1 isoform 1 and the second group includes missense

mutations mapping at the C-terminal half of RAI1. We found that

the first group of mutations present an aberrant cytoplasmic

subcellular localization and hence the inability to activate the

transcription mediated by the BDNF enhancer element, an

endogenous target of RAI1 [8], while for the second group of

mutants analyzed, we found an altered activation of transcription

mediated by the BDNF enhancer element. When comparing the

phenotypes of patients carrying mutations either at the N or C-

terminal of RAI1, no significant differences were found to relate

the location of the mutations with the clinical features. Altogether

these results suggest that the transcription factor activity of RAI1 is

at the heart of the SMS pathogenesis.

Results

No Differences in Clinical Presentation were Found
between SMS Patients Harboring Mutations in the N vs.
the C-terminal Portions of RAI1

To date more than twenty patients with SMS have been

related to a heterozygous mutation within the RAI1 coding

region [3–6,9,22–24] (figure 1A). We had defined two functional

domains in the RAI1 protein, the N-terminal one that has the

transactivational activity and the C-terminal that presents the

signals for nuclear localization [10]. In order to determine if

there is any difference in the clinical presentation among the

SMS patients carrying a mutation either at the N-terminal or

the C-terminal half of the RAI1 protein, we compared the

clinical presentation between patients carrying a common

deletion vs. patients whose RAI1 mutation is located between

the amino acids 1–1034 of RAI1 (N-terminal portion of the

protein), or patients carrying mutations between the amino acids

1212–1906 (within the C-terminal portion of the protein). The

clinical presentation of the patients with deletions in 17p11.2

and these two subgroups was revised from the literature and

summarized in figure 1B.

Features were first compared between SMS patients harboring

a common, large, small or atypical deletion at 17p11.2 versus the

cases due to RAI1 mutations. We analyzed the characteristics that

were reported as statistically significant in Edelman et al., 2007

[25]. We found a significant difference in several of the clinical

features previously described as short stature, polyemboilokoma-

nia, obesity and problems regulating food intake. For hearing loss,

self- hugging/hang-wringing, and heart defects (as ventral septal

defect, atrial septal defect, tricuspid stenosis, mitral stenosis,

tricuspid and mitral regurgitation, aortic stenosis, pulmonary

stenosis, mitral valve prolapse, tetralogy of Fallot, and total

anomalous pulmonary venous return) we did not find any

significant difference may be due to the addition of new reported

patients. Then we compared SMS patients harboring RAI1

mutations within the N-terminal half or at the C-terminal half

and no significant differences in clinical presentation were found

suggesting a common molecular mechanism for the SMS

pathogenesis despite the functional domain of the protein that is

affected.

Abnormal Subcellular Localization is the Main Alteration
Related to SMS Associated Mutations Yielding N-terminal
Halves of RAI1

Nine single nucleotide de novo mutations producing a truncation

at the first N-terminal half of RAI1 (amino acids 1–1034) have

been reported in SMS cases. From these, a 35% correspond to a

mutation between the amino acids ,900–1100 in exon 3 of RAI1,

that can potentially produce a short form of the RAI1 protein. We

studied the pathogenic effects of this group consisting of RAI1

protein products from amino acid 1 to 1034.

We have previously reported the in vitro study of RAI1 truncated

proteins RAI1 p.R960X (c.2878C.T) and RAI1 p.1035fsX28

(c.3103delC), both associated with the SMS phenotype. For these

two mutations, the molecular weights of the resulting proteins

were higher than expected and they exhibited cytoplasmic

subcellular localization. Interestingly, they were able to retain

RAI1 transcription factor activity when assayed as a fusion protein

with the GAL4 DNA binding domain (GAL4-BD) [10]. Important

is to mention that the GAL4-BD is enough to translocate the

fusion protein to the nucleus [26].

Due to the importance of the nucleotide 3103, that has been

described as a mutation hot spot [9], we have generated a cDNA

carrying the mutation c.3103insC (p.1035fsX30) (for details see

material and methods), which introduces a premature stop codon in

the translation similar to the deletion we have previously analyzed,

but with a different set of misincorporated amino acids (figure S1).

We evaluated the molecular weight, subcellular localization and

transactivational activity of the resulting protein for p.1035fsX30

(figure 2). Wild type or mutant cDNA were transiently transfected

into Neuro-2a cells and 48 h post-transfection the cell lysates were

run in a 4–20% gradient gel. The predicted molecular weight for the

truncated protein p.1035fsX30 was ,114 kDa. However, the

experimental molecular weight of the RAI1 p.1035fsX30 was

,170 KDa (figure 2) further suggesting that the N-terminal portion

of the protein undergo post-translational modifications [10,27].

Additionally, the theoretical isoelectric point (pI) for the isoform

1 of RAI1 is 9.03 meanwhile the truncated proteins p.1035fsX30

and p.1035fsX28 had a pI of ,5.5, and the proteins p.R960X and

isoform 4 had a theoretical pI of ,5.23. This may indicate

different solubility between RAI1 isoform 1 and the short forms of

RAI1 at a given pH, suggesting the possibility of different protein-

protein interactions.

The subcellular localization of RAI1 p.1035fsX30 was evalu-

ated by immunofluorescence against a RAI1 N-terminal epitope,

in Neuro-2a cells transfected with pAlter-MAX RAI1 c.3103insC.

The resulting p.1035fsX30 protein localizes in the cytoplasm

(figure 2). Important is to note that despite the Neuro-2a cells have

endogenous Rai1 expression, detected by RT-PCR (data not

shown) and Western blot analysis [10], the antibody utilized in this

work did not recognize the mouse protein, probably due to a

mismatch of 7 amino acids in the recognition sequence.

The transcription factor capacity of RAI1 p.1035fsX30 was

evaluated using the same method described previously [10], in

which the fusion protein GAL4 DNA binding domain-RAI1 (wild

type or the mutated forms) was co-transfected with a plasmid

containing the GAL4-binding element upstream of the luciferase

coding sequence (figure 2D). RAI1 p.1035fsX30 gave an

increment of 165623.8 in percentage of activation as compared

to 100% of the wild type (figure 2E). This result is similar to what

was observed for p.1035fsX28 and p.R960X mutants [10],

indicating that the N-terminal portion harbors the transcription

factor activity domain. In addition, as these truncated proteins

showed significantly higher activity than the wild type form we

Abnormal RAI1 Functions Related to SMS Phenotype
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speculate that there may be a regulatory domain of the activity

within the C-terminal portion of the RAI1 protein.

RAI1 p.1035fsX30 Truncated Protein is Produced in
Lymphoblastoid Cells from a Human Patient

In order to investigate if there was expression of RAI1

p.1035fsX30 in this SMS patient we utilized lymphoblastoid cells

(derived from the BAB1852 patient) that carry a RAI1 c.3103insC

allele. Total mRNA was isolated from mutant and control cells.

cDNA was produced and Sanger sequenced. We found that both

alleles were expressed in the patient cell line (data not shown).

Interestingly, a difference in allelic expression (normal allele peaks

seem higher than mutant allele peaks) where observed, in

agreement with previous reports [9,24], suggesting that RAI1

mRNA levels are decreased in lymphoblastoid cells of SMS

patients with RAI1 mutations. At the protein level we were able to

detect two bands by Western blot analysis utilizing an anti RAI1

antibody, one of 250 kDa and another of ,170 kDa (figure 3A)

for both the control and the mutant samples. However the ratio

between both bands was different. In normal control lymphoblas-

toid cells, the 250 kDa band (corresponding to RAI1 isoform 1)

expression level was set to 1 fold and the relative protein level of

the 170 kDa band was calculated as 0.08 folds when comparing to

isoform 1. In the patient lymphoblastoid cells, RAI1 isoform 1

expression level is similar to the 170 kDa band (0.53 and 0.7 folds

respectively) indicating a difference in ratios between both bands

Figure 1. Schematic representation RAI1 protein structure and point mutations associated with the SMS phenotype. A) The structure
of isoform 1 of RAI1 protein is schematically represented and the following domains are indicated according to their amino acidic position:
polyglutamine tract (PolyQ), two different polyserine tracts (PolyS), a plant homeo domain PHD and bipartite nuclear localization signals, NLSs.
Twenty SMS patients harboring a RAI1 point mutation are depicted: two nonsense, five missense and eleven frameshift mutations (including four
patients with Q1035X). The two groups of mutations are represented. The mutations analyzed in the present study are shown in bold. B) Clinical
features previously described as significantly different between SMS patients harboring a common, large, small or atypical deletion or RAI1 point
mutation [25] are listed. Four sets of comparisons are shown: 1. between SMS patients harboring a deletion versus RAI1 point mutation (groups I and
II), 2. between SMS patients harboring a deletion versus RAI1 point mutation in the N-terminal half of the protein (groups I and 1), 3. between SMS
patients harboring a deletion versus RAI1 point mutation in the C-terminal half (groups I and 2), 4. between SMS patients harboring a RAI1 point
mutation in the N-terminal half versus the C-terminal half (groups 1 and 2). The significant differences found in each set of comparisons are
represented with an asterisk (* = p,0.05). a: short stature (,5th percentile); b: Obese classification based on Body Mass Index (BMI): BMI .95th

percentile for children and adolescents; BMI.30 for adults. N/A = not available.
doi:10.1371/journal.pone.0045155.g001

Abnormal RAI1 Functions Related to SMS Phenotype
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in the control and patient sample. In addition, when the

abundance of each band is compared between both samples, the

expression of the 250 kDa band in the patient corresponds to a

53.0% 62.58 of the normal control (figure 3B), while the density

of the band ,170 kDa is increased for the patient BAB1852. All

these data suggest that the RAI1 p.1035fsX30 is been translated.

Previous reports showed the involvement of RAI1 in the cellular

growth and proliferation [7]. We found a significant diminished

cellular proliferation and significant increase in population

doubling time for patient cells (figure S2). No differences in cell

shape, size or viability between both cell samples were observed.

RAI1 is Mainly Found in the Chromatin Bound Subcellular
Fractionation

In order to address the endogenous subcellular localization of

wild type RAI1, cytoplasmic extract, nuclear soluble extract,

chromatin bound and nuclear matrix fractions were obtained from

the control and the mutant samples. The Western blot against a

RAI1 (figure 3C) clearly shows that the 250 kDa band is mainly

found in the ‘‘chromatin bound’’ and ‘‘nuclear matrix’’ fractions.

When analyzing the cells from the SMS BAB1852 patient, the

250 kDa band was also mainly found in the ‘‘chromatin bound’’

and ‘‘nuclear matrix’’ fractions while there is a big increment of

the 170 kDa protein that was only found in the cytoplasmic

fraction (figure 3D).

Transcription of a Reporter Gene Driven by an
Endogenous Target is Impaired in all RAI1 Mutant Forms

To further understand the pathogenic potential of RAI1

mutations, we assayed the capability of the truncated forms for

activating the transcription of a reporter gene driven by an

endogenous target: the BDNF enhancer sequence previously

described by Burns et al, 2010 [8]. This intronic sequence was

cloned into the pGL3-promoter vector which contains an SV40

Figure 2. Molecular and cellular evaluation of the p.1035fsX30 truncated protein. A) Schematic representation of the RAI1 protein
structure, which includes the polyglutamine tract (PolyQ, blue), polyserine tract (PolyS, green), bipartite nuclear localization signal (NLS, black), and
the plant homeo domain (PHD, gray). The HA epitope (red) was added by PCR at the 39 end of full length cDNA of RAI1 isoform 1. The p.1035fsX30
truncated protein is represented below the isoform 1 of RAI1. B) Neuro-2a cells were transfected either with the clones RAI1-HA wild type or RAI1
c.3103insC (p.1035fsX30). A Western blot using an antibody against RAI1 (a RAI1) was performed to calculate the molecular weight of RAI1
p.1035fsX30. The anti b-tubulin antibody (a b-tubulin) was used as loading control. C) The subcellular localization of the truncated protein was
assessed by immunofluorescence using anti RAI1 (a RAI1). Neuro-2a cells were transfected with the plasmids coding for RAI1 wild type and RAI1
p.1035fsX30. As negative control, untransfected cells are also shown. Nuclei were stained with DAPI. The table indicates the subcellular localization N;
nuclear, C; cytoplasmatic, of 200 cells, *: p#0.05). D) Schematic representation of Neuro-2a cells that were co-transfected with RAI1 wild type or RAI1
c.3103insC fused with GAL4-BD (pCMV-BD), plus the luciferase reporter plasmid. b-galactosidase activity was used for normalization due to
differences in transfection efficiency. E) Luciferase expression was utilized as a reporter for transactivation activity of RAI1. The wild type activity was
considered as 100%. Values represent mean 6 SEM. (RAI1-HA n = 9, RAI1 p.1035fsX30 n = 3; *: p#0.05).
doi:10.1371/journal.pone.0045155.g002

Abnormal RAI1 Functions Related to SMS Phenotype
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promoter upstream of the luciferase coding sequence (pGL3 BDNF

enhancer) (figure 4A). Forty eight hours after transfection of

HEK293T cells with pGL3 BDNF enhancer together with the

construct pAlter-MAX RAI1-HA, there was an activation of

2.9360.32 folds over the basal expression level of the reporter

luciferase (due to the presence of endogenous RAI1 plus the

transfection with the empty vector pAlter-Max). However, when

cells expressed the RAI1 p.1035fsX28, p.1035fsX30 or p.R960X

forms along with the reporter construct no activation was observed

(figure 4B). These results reinforce the idea that RAI1

p.1035fsX28, p.1035fsX30 and p.R960X proteins cannot enter

the nucleus hence they cannot activate transcription due to

incorrect subcellular localization.

RAI1 missense mutations p.R1217Q, p.Q1389R, p.Q1562R

and p.S1808N lie within the C-terminal half of RAI1, but do not

map in any domain of the protein described to date. We

transfected in HEK293T the pAlter-MAX constructs coding for

RAI1 p.R1217Q, p.Q1389R, p.Q1562R and p.S1808N together

with the BDNF enhancer/reporter plasmid. All mutant proteins

were able to induce transcription of the luciferase gene but

significantly less than the wild type RAI1 protein (figure 4C).

Discussion

More than 75% of SMS cases are caused by a common deletion

(,4 Mb) at 17p11.2 [25,28–31]. Interestingly enough, to date

more than twenty patients with SMS have been related to a

heterozygous mutation within the RAI1 coding region [3–6,9,22–

24]. We have previously defined two main functional domains for

RAI1 protein: one at the N-terminal half of RAI1, where the

transactivational activity lies, and the second one responsible for

the nuclear localization of the protein, encompassing the C-

terminal half [10]. We selected the clinical features that showed

statistical significant differences between patients harboring a

deletion at 17p11.2 and patients carrying RAI1 mutations [25],

and used them to compare patients carrying RAI1 mutations in

the N or the C-terminal part of the protein. No significant

differences were found. This can be due to a lack of fine clinical

description or a result of a common underlying mechanism for all

mutations.

The in vitro molecular characterization of the mutants associated

to SMS that produced N-terminal truncated proteins: p.R960X,

p.1035fsX28 and p.1035fs30 showed increased intrinsic transacti-

vation activity when tested as a fusion protein with the GAL4-BD

(that can translocate it to the nucleus) compared to the wild type

protein, indicating that the transactivation domain resides in the

N-terminal region of the protein and suggesting the existence of a

regulatory region of the activity within the C-terminal portion of

the RAI1 protein. However, abnormal cytoplasmic localization

hence inability to activate the transcription mediated by an

endogenous target was observed for all the mutants associated to

SMS that produced N-terminal truncated proteins.

The mutations RAI1 p.R1217Q, p.Q1389R, p.Q1562R and

p.S1808N were previously reported to be located in the nucleus

Figure 3. Evaluation of RAI1 expression in lymphoblastoid cells. A) Western Blot for RAI1 expression in lymphoblastoid cells from patient
BAB1852 and normal control. B) A band densitometric analysis of RAI1 isoforms was performed, and the percentages compared to the isoform 1 in
cells from the control are shown. The band of ,170 kDa found in patient cells represents truncated RAI1 isoform 1 and RAI1 isoform 4 proteins as a
result of their similar molecular weight. (n = 4 for both samples, * p = 0.02; ** p#1.78*1026). Subcellular localization of RAI1 in C) control or D)
BAB1852 lymphoblastoid cells. Whole Cell (WC), Cytoplasmic (C), Nuclear soluble (N), Chromatin Bound (CB) and Nuclear Matrix (NM) fractions were
obtained from control or BAB1852 lymphoblastoid cells. RAI1 isoform 1 is mainly associated with chromatin and nuclear matrix. The antibodies
Acetyl-histone H3 antibody (a Acetyl-histone H3, chromatin bound protein marker) and beta-tubulin antibody (a b-tubulin, cytoplasmic soluble
fraction marker) were used as controls of the protocol for cell fractionation.
doi:10.1371/journal.pone.0045155.g003

Abnormal RAI1 Functions Related to SMS Phenotype
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and have the same transactivational activity than wild type RAI1

when assessed as fusion proteins with the GAL4-BD system

[10,23]. But when assessed for their ability to activate the

endogenous target, the four missense mutations produced a

diminished activation driven by the BDNF enhancer when

compared to the wild type protein. There two possible explana-

tions for these results: 1. there is a direct or indirect DNA biding

site within the C-terminal region that is impaired by the presence

of the mutant amino acids, or 2. The regulatory domain that is

present in the C-terminal of the protein is negatively affecting the

transcription factor activity. All this is summarized in figure 5. In

addition, is important to note that this is the first time that

mutations in a transcription factor associated with a disease can be

adjudicated to either maintenance of transcription activity but

retention in cytoplasm versus nuclear translocation but lacking

transcription activity.

Interestingly, the N-terminal truncated proteins would have a

similar size of the predicted isoform 4 of RAI1 [13]. Our in vitro

analysis of the N-terminal truncated proteins is confirmatory of

what was previously published by Burns et al., 2010 [8] where they

generated the predicted isoform 4 of RAI1 that was also found in

the cytoplasmic region of the cell. The 170 kDa band that is

recognized with the antibody against RAI1 in control lynpho-

blastoid cells may represent the isoform 4 of RAI1 however; there

is a lack of specific antibody against this isoform. Further studies

are necessary to really understand if RAI1 isoform 4 is being

translated and what its function may be.

RAI1 shares strong homology with SPBP (stromelysin-1 PDGF

platelet-derived growth factor-responsive element binding protein),

a transcriptional co-regulator involved in the transcriptional

activation of the MMP3 (matrix metalloprotease 3) promoter

and also modifies the transcriptional activity of several transcrip-

tion factors or cofactors [32]. Both SPBP and RAI1 were found to

bind nucleosomes through their plant homeodomains (PHD).

These structural domains are mostly found in nuclear proteins that

bind to nucleosomes [33]. It was also demonstrated that PHDs are

capable to read the histone modifications [34] and can act as E3

SUMO ligase as well [35], thus corroborating their role in the

regulation of transcriptional activity. In addition, SPBP was found

to be SUMOylated on its nucleosome binding region [32], while

RAI1 has several putative SUMOylation sites (mapping most of

them at the N-terminal half). The predicted presence of these

SUMO sites, that play an important role in the interaction of a

protein with other macromolecules within RAI1 sequence, plus

that evidence that PHDs may mediate SUMOylation, further

suggest how both N and C-terminal domains are important to

modulate RAI1 interactions and its effect in gene regulation.

We have shown the characterization on two groups of RAI1

mutations classified by their localization in the domains previously

defined for the protein: the N-terminal half (amino acids 1–1034)

where the transactivational activity lies, and the C-terminal half

Figure 4. BDNF enhancer transactivation activity for two groups of RAI1 mutations. A) Schematic representation of the plasmid construct
used to measure the transactivation activity of RAI1 wild type or the mutants forms driven by the BDNF enhancer in HEK293T cells. The intronic
sequence for BDNF gene enhancer region was amplified by PCR and added upstream of the SV40 promoter. B) HEK293T cells were co-transfected
with a BDNF fused luciferase reporter plasmid, a b-galactosidase reporter plasmid, and either RAI1 isoform 1, p.1035fsX28, p.1035fsX30 or RAI1 R960X.
Forty eight hours post-transfection the reporter proteins were measured from the cell lysates. Activation of the reporter for empty vector along with
BDNF fused luciferase reporter plasmid and a b-galactosidase reporter plasmid (basal endogenous BDNF level) was used for normalization. (p#0.002).
RAI1 isoform 1 n = 9, RAI1 p.1035fsX28 n = 6, RAI1 p.1035fsX30 n = 9, RAI1 R960X n = 6. Values represent mean 6 SEM. (* = p,0.05). C) The same
experiment was performed for group 2 of point mutations mapping at the C-terminal half of RAI1. All the proteins analyzed exhibit impaired
activation of the endogenous target BDNF. RAI1 isoform 1 n = 3, RAI1 p.R1217Q n = 4, RAI1 p.Q1389R n = 4, RAI1 p.Q1562R n = 6 and RAI1 p.S1808N
n = 9. Values represent mean 6 SEM. (* = p,0.05.).
doi:10.1371/journal.pone.0045155.g004

Abnormal RAI1 Functions Related to SMS Phenotype

PLOS ONE | www.plosone.org 6 September 2012 | Volume 7 | Issue 9 | e45155



responsible for nuclear localization, the regulation of the

transcriptional activity and direct or indirect biding to DNA (see

figure 5 for a summary). All RAI1 mutations tested in this work

showed impaired transcriptional activation of a reporter gene

driven by an endogenous RAI1 target sequence. Therefore,

although the molecular aspect that contributes to the pathogenesis

of SMS is different for different mutants, the final outcome results

in impaired transcriptional activity of RAI1, which seems to be the

most critical feature of the protein known up to date.

Methods

Plasmid Constructs
The complete RAI1 cDNA and the mutations RAI1 c.2878C.T

and c.3103delC were previously generated [10]. The single base

change RAI1 c.3103insC was obtained from cDNA isolated from a

lymphoblastoid cell line obtained from patient BAB1852 [4]

(kindly donated by Dr. James Lupski). A small fragment of RAI1

cDNA containing the base 3103 was amplified by PCR with the

following primers, forward: 59-GTGGGCTGCTGCAGTG-39

and reverse: 59-GGTGGCACGGCAGTTG-39. The product

was cloned into pGEM-T Easy vector (Promega Corporation)

and then the clones were verified by DNA sequencing. The

fragment containing the mutation was subcloned into full length

RAI1 cDNA with the enzymes AgeI and AfeI.

For expression analysis, the cDNAs of RAI1 wild type and

mutant forms were subcloned into pALTER-MAX vector

(Promega Corporation).

Accession numbers: Human RAI1 NCBI Nucleotide RefSeq

NM_030665. Isoform 1 Uniprot: Q7Z5J4; isoform 4, Uniprot

Q7S5J4-4.

Cell Culture
Neuro-2a (ATCC# CCL-131) and HEK-293 cells (ATCC#

CRL-1573) were grown in Dulbecco’s Modified Eagle Medium

(Cellgro, Mediatech, Inc) supplemented with 10% fetal bovine

serum (Gibco, Life Technologies), penicillin (100 U/mL) and

streptomycin (100 mg/mL) (Gibco, Life Technologies) at 37uC
with 5% CO2 until 95% confluence was attained.

Lymphoblastoid cell lines were obtained from patient BAB1852

and from a control donor. The cells were grown in suspension in

RPMI 1640 medium (Cellgro, Mediatech, Inc) supplemented with

10% fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL

streptomycin and maintained at 37uC with 5% CO2.

RNA Extraction and RT-PCR
Total RNA was isolated from lymphoblastoid cell lines with

TRIzol Reagent (Ambion, Life Technologies) according to

manufacturer’s instructions. To avoid genomic DNA contamina-

tion, RNA samples were treated with rDNAse I (DNA-free kit;

Ambion, Life Technologies). Then cDNA was synthesized using

ImProm-II Reverse Transcription System (Promega Corporation).

Western Blot Analyses and Immunofluorescence
To study the expression of the proteins, Neuro-2a cells were

transfected with the plasmids pALTER-MAX RAI1-HA wild type

and RAI1 c.3103insC. All transfections were performed using

Lipofectamine 2000 (Gibco, Life Technologies) according to

manufacturer’s protocol.

For Western blots of transfected cells, Neuro-2a cells were lysed

48 h after transfection in 100 mL of protein extraction and loading

buffer (2% SDS, 2 M Urea, 10% Glycerol, 10 mM Tris pH 6.8,

0.002% Bromophenol Blue and 10 mM DTT) plus 1:200 protease

inhibitor cocktail (SIGMA). After incubation at 4uC for 15

minutes, the samples were homogenized by passing 20 times

through a syringe and heated to 95uC for 5 minutes. 25 mL of each

lysate was loaded onto 4–20% gradient SDS-polyacrylamide gel

and transferred to a 0.2 mm poly-vinylidene fluoride (PVDF, Bio-

Rad Laboratories) membrane. Immunodetection was performed

using rabbit anti human RAI1 polyclonal antibody (1:1000,

Abcam) whose epitope locates at the amino terminal of RAI1, and

rabbit anti b-tubulin (1:1000, sc-9104 Santa Cruz Biotechnology,

Inc). Additionally, an Acetyl-histone H3 antibody (1:10,000,

Upstate) was used as control for immunodetection of cell

fractionation samples. The results were visualized by chemilumi-

niscence. Protein expression levels were first quantified using

Quantity One Software (Bio-rad Laboratories). RAI1 isoform 1

(250 kDa band) expression level was set to one in each individual

Figure 5. Schematic representation of RAI1 functional domains. The schematic representation of all the mutants analyzed in this study is
shown. An asterisk represents the missense mutations. The N and C-terminal halves of the protein are depicted with the description of their
functional role.
doi:10.1371/journal.pone.0045155.g005
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Western blot. Statistical analysis was calculated with two-tailed

Student’s t-test and a P-value #0.05 was considered significant.

For immunofluorescence in Neuro-2a cells, 24 h after transfec-

tion with the pALTER-MAX constructs, the cells were fixed with

4% paraformaldehyde and permeabilized with 0.1% Triton X-

100 in PBS. Subcellular localization of RAI1 was detected using

rabbit anti human RAI1 polyclonal antibody (1:1000, Abcam). A

secondary antibody conjugated to Alexa fluor 488 (1:1000,

Molecular Probes, Life Technologies) was used. Cells were stained

with 4’,6-diamidino-2-phenylindole, dihydrochloride (DAPI) and

mounted with fluorescent mounting medium (Dako).

Transcriptional Activity Assays
In order to evaluate the transactivation activity of RAI1,

transient transfections in Neuro-2a cells were performed in 35 mm

plates with Lipofectamine 2000 (Gibco, Life Technologies). The

amounts of plasmidial DNA used were according to manufactur-

er’s protocol. GAL4-BD fusions of human RAI1 wild type and

RAI1 c.3103insC (pCMV-BD vector, catalog number 211342,

Agilent Technologies) were co-transfected with the luciferase

reporter plasmid pFR-Luc (catalog number 219050, Agilent

Technologies). For normalizing the results in case of transfection

efficiency variations, the vector pSV-b-Galactosidase (Promega

Corporation) was also co-transfected for expression of b-Galacto-

sidase. After 48 h post-transfection, the cells were lysed and the

luciferase activity was measured with Luciferase Assay Kit (Agilent

Technologies) according to manufacturer’s instructions. The

Relative Lights Units (RLUs) of luciferase were measured in

duplicate in a luminometer (Turner BioSystems 20/20n, Promega

Corporation). The b-Galactosidase activity was measured in

duplicates with the b-Galactosidase Assay kit (microassay protocol,

Agilent Technologies).

For assessing the ability of RAI1 and its mutant forms for

activating the transcription through the BDNF enhancer, we

amplified it by PCR from human genomic DNA as template. The

primers: forward, 59-TAAGGTACCTGCCCGGTATG-

TACTCCTT-39 and reverse, 59-AAACTCGAGCAATTATGC-

CAGAGGCCA-39 were utilized. The PCR product was digested

with KpnI and XhoI and ligated into a pGL3-promoter vector

(Promega Corporation) to obtain the pGL3 BDNF enhancer

plasmid. The plasmids pGL3 BDNF enhancer, pSV-b-Galactosi-

dase (Promega Corporation) and pAlter-MAX RAI1-HA (or

pAlter-MAX RAI1 mutations) were co-transfected in HEK293T

cells. 48 h post-transfection, cells were lysed for measuring in

duplicate luciferase and b-Galactosidase activities as described

previously. Cells co-transfected with pGL3 BDNF enhancer, pSV-

b-Galactosidase and empty pAlter-MAX vector were used to

normalize the data to basal BDNF activation levels.

Cell Fractionation
Cell fractionation was essentially done according to a previously

published protocol [36]. 107 lymphoblastoid cells were washed

with cold PBS and re-suspended in 200 mL of cytoskeleton buffer

(10 mM Pipes pH 6.8, 100 mM NaCl, 300 mM sucrose, 3 mM

MgCl2, 1 mM EGTA and 0.5% Triton X-100) and incubated in a

rotator for 5 minutes at 4uC. Soluble cytoplasmic fraction was

isolated by centrifugation at 6006g for 5 minutes. The pellet was

incubated for 5 minutes in 200 mL of nuclear soluble buffer

(10 mM Tris HCl pH 7.4, 10 mM NaCl, 3 mM MgCl2, 1%

Tween 40 and 0.5% sodium deoxycolate). Insoluble cytoskeleton

and nuclear soluble proteins were isolated by centrifugation at

6006g for 5 minutes. Chromatin DNA was removed with 40 U of

RNase-free DNase I (Epicentre) at room temperature for 20

minutes in digestion buffer (10 mM Pipes pH 6.8, 50 mM NaCl,

300 mM sucrose, 3 mM MgCl2, 1 mM EGTA, and 0.5% Triton

X-100). Ammonium sulfate was added to a final concentration of

0.25 M and the sample was incubated at 4uC for 5 minutes and

then pelleted. The supernatant was removed in a new tube as

chromatin bound fraction. 100 mL of SDS buffer (25 mM Tris-Cl

pH 7.4, 25 mM Sodium Citrate, 2% SDS, 5 mM CaCl2, 0.5 mM

DTT) was added to the pellet and boiled for 5 minutes to dissolve

the nuclear matrix (NM). 1:100 protease inhibitor cocktail was

added in all lysis buffers. 10% of each fraction was used for loading

onto SDS-polyacrylamide gel.

Statistical Analysis
Statistical analysis of comparisons made between clinical

presentations of SMS patients was performed using GraphPad

software. Fisher’s exact test was calculated using a two tailed P-

value significance level of #0.05. For the experimental procedures

involving numerical values; mean values and standard deviations

were calculated with Excel software (Microsoft). The results are

given as mean 6 standard error of the mean (SEM). Error bars

represent standard errors of the mean. Statistically significant

differences were evaluated using Student’s t-test; a p#0.05 was

considered as statistically significant.

Supporting Information

Figure S1 Short forms of RAI1 containing the N-
terminal half of the protein. A) Representation of the protein

structures for RAI1 isoforms 1 and 4, and the proteins RAI1

p.R960X, p.1035fsX28 and p.1035fsX30. The depicted domains

include the polyglutamine tract (PolyQ, blue), polyserine tract

(PolyS, green), bipartite nuclear localization signal (NLS, black),

and the plant homeo domain (PHD, gray). RAI1 isoform 1 is

composed by 1906 amino acids and RAI1 splice variant isoform 4

is 966 amino acids. The lengths of the truncated proteins

associated with SMS are also shown. B) The sequence similarities

at the end of the short forms of RAI1 are shown, as well as the

misincorporation of amino acids in the mutants RAI1

p.1035fsX28 and p.1035fsX30.

(TIF)

Figure S2 Effect of RAI1 dosage on cell proliferation. A)
Control and BAB1852 patients cells were grown with an initial cell

concentration of 40,000 cells/mL in triplicate for 72 hours, cell

concentrations were determined with a hemocytometer at 24 h,

48 h and 72 h. * = p,0.05 (Student’s t-test) (n = 3). B) Cell

population doubling time of control and BAB1852 lymphoblastoid

cell lines are shown. Control cells have a doubling time of 48.19

hours, while BAB1852 lymphoblastoid cell line has a prolonged

population doubling time of 70.04 hours. * = p,0.05 (Student’s t-

test) (n = 3).

(TIF)
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